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“You shoot me down but I won’t fall, I am titanium.” 
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Ti-6Al-4V is a two-phase alloy used in the aerospace, military and biomedical industries. The 
thermomechanical processing (TMP) of Ti-6A-4V involves the breakdown of the ingot 
microstructure at temperatures above the beta transus (Tβ) into fine lamellar colonies. 
Subsequent hot deformation is carried out at temperatures within the two-phase region to 
produce a microstructure that is either equiaxed or bimodal. However, to avoid the formation of 
shear bands, voids or cracks within the final microstructure, this secondary fabrication is carried 
out at slow speeds and these render the TMP of titanium a time-consuming and expensive 
process.  
This project aims to investigate the possibility of using a steckel mill for the TMP of Ti-6Al-4V. 
A steckel mill is a single-stand reversing mill with two coiler furnaces on either side. These 
furnaces allow for the annealing of strip metal between passes, thus keeping the strip at a high 
temperature throughout processing. In this way, reversing passes can occur indefinitely until a 
desired gauge thickness is achieved. Therefore, a steckel mill represents a cheaper and faster 
method to produce metal sheet or plate. 
Ti-6Al-4V cylinders with a diameter of 10mm and length of 15mm were uniaxially compressed 
in the Gleeble 3800. Hot compression was carried out isothermally in a three-pass schedule at 
temperatures of 850°C, 950°C and 1050°C respectively. The strain was kept constant at 0.48 and 
strain rates of 1/s and 10/s were employed. Interpass times corresponding to a strain rate of 10/s 
were 44s and 77s, while those corresponding to a strain rate of 1/s were 324s and 712s. 
Statistical analysis in the form of analysis of variance (ANOVA) was used to determine the 
parameter most influential on the microstructural evolution of Ti-6Al-4V.The Taguchi method 
was used to identify the optimum parameters suitable for the TMP of Ti-6Al-4V, using a steckel 
mill. 
Three successive passes at 850°C, 1/s resulted in a microstructure consisting of coarse, deformed 
grains and some finer recrystallised grains. The influence of a low strain rate was such that it 
promoted recrystallisation at this temperature, while that of interpass time brought about 




recrystallisation, together with a heavily deformed microstructure, was observed. This was due to 
the heterogeneous distribution of strain, which was a consequence of the high strain rate used. 
At 950°C, at both 1/s and 10/s, one pass resulted in a bimodal microstructure. With subsequent 
passes, the amount of equiaxed α was observed to increase. This increase was a result of a strain-
induced transformation (SIT) from (β) to (α) phase at high temperatures. The extent of this 
transformation increased with an increase in strain rate. Therefore, after three consecutive passes 
at 10/s, a fully α (though heavily deformed) microstructure was formed. A subsequent post-
deformation heat treatment would lead to recrystallisation of these grains and a microstructure 
consisting of refined equiaxed α grains was the result. 
After one pass at 1050°C, at either 1/s or 10/s, a Widmanstätten microstructure was formed. 
However, after three consecutive passes at 1/s, the microstructure remained mostly 
Widmanstätten, while at 10/s, a bimodal microstructure was formed. The combination of a high 
strain rate, low interpass times and sequential strain imparted on the sample, as well as the high 
temperature at which the compressions were carried out, elevated the extent to which a strain-
induced phase transformation from β to α proceeded. 
Statistical analysis using ANOVA and the Taguchi method revealed that a schedule of three 
passes performed at 1050°C, 1/s and the corresponding interpass times were the optimum 
parameters for the TMP of Ti-6Al-4V during steckel mill rolling. However, analysis of the 
microstructural evolution across all three temperatures showed that three passes carried out at 
950°C, 10/s, with interpass times of 44s and 77s, were the optimum parameters. Thus, steckel 
mill rolling of Ti-6Al-4V has been confirmed as a feasible process for the production of Ti-6Al-





SYMBOLS AND ABBREVIATIONS 
Tβ Beta transus temperature 
β         Beta 
α          Alpha 
αp         Primary alpha 
TEM      Transmission electron microscopy 
EBSD   Electron backscatter difrraction 
αgb Grain boundary alpha 
αw Widmanstätten alpha 
αbw Basket weave alpha 
DRX Dynamic recrystallization 
DRV Dynamic recovery 
SIT Strain induced transformation 
EDS    Energy dispersive X-ray spectroscopy 
ɛ Strain 
ɛc Critical Strain  
σc             Critical stress 
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1.1 Subject of Thesis 
The subject of this thesis is to investigate the feasibility of using a steckel mill hot rolling 
schedule on the Ti-6Al-4V alloy. The influence of strain rate, temperature and interpass time on 
the microstructural evolution of Ti-6Al-4V will be assessed and statistical techniques employed 
to determine the optimum parameters suitable for the multi-pass thermo-mechanical processing 
(TMP) of Ti-6Al-4V.  
 
1.2 Background to Thesis 
Titanium and its alloys are renowned for their high specific strength, high formability and 
excellent corrosion resistance. As a result, they are widely used in the aerospace, biomedical and 
petrochemical industries. The Ti-6Al-4V alloy in particular has garnered the most attention, 
accounting for approximately 50% of titanium production worldwide.  However, titanium is very 
expensive to produce, both in its extraction and subsequent processing.  As a result, the use of 
titanium is limited to high performance industries, such as that of aerospace. 
 
Although the extraction and refinement of titanium from its ore is expensive, it is not the single 
cause of titanium’s high cost. Rather, it is the combination of refinement, ingot conversion and 
sheet-forming that makes this material and its alloys costly. This is shown in Table 1, where it 
can be observed that the fabrication of titanium into sheet material is 18 times more expensive 
than that of metals such as steel and aluminum. It can also be observed from this table that the 
secondary processing or sheet-forming of titanium is costlier than ingot production or the 
refinement of the metal.  In addition, the slow speeds used during forging and other secondary 
fabrication methods further serve to make TMP of titanium a time-consuming and laborious 
affair. Lastly, the loss of material during sheet-forming from an ingot results in low yields. It is 




investigated.  Should such methods be identified and implemented, titanium and its alloys will be 
cheaper and more accessible. One of the methods under consideration for the sheet forming of 
Ti-6Al-4V is steckel mill rolling. 
 




Production Stage Steel Aluminum Titanium 
Metal refining 0.4 1.0 5.0 
Ingot forming 0.6 1.0 10.7 
Sheet forming 0.4 1.0 18.0 
 
A steckel mill is a two-stand reversing mill with two coiler furnaces on either side. The purpose 
of these furnaces is to anneal the metal strip between passes, thereby ensuring that a metal strip is 
maintained at high temperature throughout processing. Because of this, passes can be completed 
in a short period time (approximately six minutes compared to more than 25 hours for 
titanium)until a desired gauge thickness is achieved
1,2
. Traditionally, a steckel mill is used for the 
manufacture of steel sheet although it may be used for sheet production of other materials, such 
as brass. The main advantage of a steckel mill is its low capital cost, which makes the production 
of steel sheet an inexpensive process. A steckel mill is also capable of producing 1.5 million tons 
of stainless steel products annually. Therefore, steckel mill rolling represents a faster, cost-saving 







1.3 Objectives of Thesis 
The aims of this research were: 
i. To investigate the feasibility of using on Ti-6Al-4V a multi-pass deformation schedule 
similar to that employed in a steckel mill for the hot rolling of stainless steel. 
 
ii. To assess and characterise the microstructural evolution that arises when Ti-6Al-4V 
undergoes multi-pass hot deformation. 
 
iii. To use statistical analysis to ascertain the optimum processing parameters of temperature, 







2. LITERATURE REVIEW 
2.1 Introduction to Titanium 
Titanium has excellent properties, such as a high strength-to-weight ratio, high corrosion 
resistance and high strength at high temperatures. Figure 1 shows the specific strength vs. 
temperature of titanium and its alloys compared to other materials. From this Figure, it can be 
seen that titanium and its alloys have a higher specific strength than those of steel and 
superalloys. It can also be observed that, although carbon fiber reinforced polymer (CFRP) has a 
greater specific strength than titanium, its use is limited to temperatures of not more than 600°C, 
whereas titanium alloys can be used at temperatures exceeding 750°C. Because of its bio-
compatibility, titanium is often used in joint replacement surgeries, as well as in cranium 
replacement, where its low density is also exploited. Moreover, titanium and its alloys are able to 
form a thin film of oxide when exposed to highly corrosive environments and thus display a 
corrosive resistance that surpasses even that of stainless steels. It is for this reason that titanium 
and its alloys are employed in highly corrosive environments, such as those in the petrochemical 
industry
3
. However, despite all its attractive properties, titanium and its alloys are still more 
expensive to process and fabricate than stainless steel and aluminum. As a result, the use of this 
metal is mainly limited to aerospace applications
4
. 








Titanium (Ti) is an allotropic metal, that is, depending on the temperature it is subjected to, it 
exists as either the alpha (α) phase or the beta (β) phase. The crystal structures of the α and β 
phases are hexagonal close-packed (HCP) and body-centered cubic (BCC), respectively. In HCP 
Ti-6Al-4V, there are three slip directions and these are given by        and one slip plane - 
the basal plane- given by (0002).This gives rise to three slip systems (slip system=system plane x 
slip direction).The addition of alloying elements to Ti-6Al-4V leads to the         prismatic 
planes being favoured over the basal plane as this increases their packing density. This then 
results in four independent slip systems. In contrast, the BCC crystal structure has 12 slip 
systems: two       slip directions and six       slip planes. The increased number of slip 
systems in the BCC crystal structure is the reason the beta phase is easier to plastically deform 
than the alpha phase
4
. In Figure 2, the unit cells of the α and β phase are shown. 
 
Figure 2. The unit cells of (a) the α phase and (b) the β phase
4,6
. 
The temperature at which pure titanium undergoes an allotropic transformation from the α to the 
β phase is termed the beta transus (Tβ) temperature. The Tβ in pure Ti is 882.5°C, but it can be 
affected by alloying elements, which can stabilise either the α phase by raising the β transus or 







Figure 3. The effect of (a) α, (b) β isomorphous and (c) eutectoid forming stabilisers on the Tβ of 




Certain alloying elements, such as aluminium (Al), and interstitial atoms, such as oxygen (O), 
nitrogen (N) and carbon (C), stabilise the α phase by increasing the Tβ as the alloying element 
content increases. Figure 3 (a) demonstrates the effect of α stabilisers in alloyed titanium.  
 
β Stabilisers 
These stabilise the β phase up to room temperature. The alloying elements vanadium (V), 
molybdenum (Mo) and niobium (Nb) are commonly-used β phase stabilisers, known as β 
isomorphous elements. β isomorphous elements yield the phase diagram shown in Figure 3 (b)
 1
. 
Another class of β stabilising alloying elements is known as eutectoid forming. Alloying 
elements in this class are chromium (Cr), iron (Fe), silicon (Si) and hydrogen (H). The phase 
diagram shown in Figure 3 (c) is typical of β eutectoid-forming elements. 
 
α-β Alloys 
The addition of sufficient concentrations of α and β stabilising elements leads to the existence of 
both α and β phases simultaneously at room temperature. Such alloys are known as alpha-beta 
(α+β) alloys, of which Ti-6Al-4V is an example. The phase diagram of α+β alloys is given in 






2.2 Phase Transformations in Ti-6Al-4V 
The beta transus temperature of Ti-6Al-4V is quoted as 995±20°C
7
. When heated from room 
temperature to high temperatures within the α + β region, as well as above the Tβ, Ti-6Al-4V 
undergoes a diffusional (α to β) phase transformation. From Figure 4 it can be observed that 
once high temperatures within the α+β region have been reached, the volume fraction of the β 





Figure 4. The volume fraction of the β phase vs. temperature (adapted from Sesacharyuluetal.)
6
. 
However, on cooling, Ti-Al-4Vphase transformations in Ti-6Al-4V can either be diffusionless or 
diffusion controlled. The type of transformation that occurs is dependent on the cooling rate that 




2.2.1 Crystallographic Relationship between the α and β Phases 
The crystallographic relationship between the β and α phases is such that (110) β || (0001) α and 
      β ||        α. This is known as the Burgers Orientation Relationship. According to this 
relationship, an HCP crystal can have 12 hexagonal variants, with each variant having a different 




plate morphology. The Burgers Orientation Relationship has been found to be obeyed by both 




2.2.2 Diffusion Controlled Phase Transformations 
When Ti-6Al-4V is cooled from above, the Tβ at rates below 20°C/s, grain boundary α (αgb), 
begins to nucleate and grow at prior β grain boundaries. This type of α phase is restricted to the β 
grain boundaries and is termed an alliomotroph
8
. Growth of αgb proceeds continuously or 
discontinuously until the entire β grain boundary is covered by this phase [Figure 5 (b)]
. 
As 
cooling progresses, parallel plates of the α phase begin to grow into the prior β grain, forming 
colonies of Widmanstätten α (αw), with each plate delineated by the β phase [Figure 5 (d)].These 
colonies eventually join up with colonies that formed from other points within the same prior β 
grain. Once the formation of colony Widmanstätten is complete, the last variant of αw forms in a 
pseudo random fashion within the parent β grain. This type of αw is known as basket weave α
. 
The formation of basket weave α is not only cooling rate dependent, but also affected by beta 
stabiliser composition. At high cooling rates, but not so high as to have a diffusionless phase 
transformation take place, the growth of α plates is restricted, so the formation of basket weave α 
is favoured.  Also, as β stabiliser content increases, the formation of basket weave α will be more 












2.2.3 Diffusionless Phase Transformation 
Diffusionless phase transformations in β isomorphous alloys results in the formation of 
martensite. The martensite can either be (α’) or (α”). α’ can be further classed into acicular and 
massive martensite. According to Lutjering and Williams, α’ acicular martensite is common in 
alloys with a high solute content and a low martensite transformation temperature
4
. However, 
massive martensite is associated with pure Ti, dilute alloys and alloys with a high martensitic 
transformation temperature. It has also been observed in some Ti-X eutectoid systems
12
. X in 
these eutectoid systems can either be Si, Au or Ag. α” martensite is a supersaturated 




2.2.4 Acicular and Massive α Martensite 
Acicular or plate martensite comes about as a result of quenching Ti6Al4V from above the beta 
transus temperature at cooling rates in excess of 410°C/s
8,12,13
.  During this transformation, a 
cooperative movement of atoms occurs, resulting in the transformation from the BCC crystal 
lattice of the β phase to the HCP crystal lattice of the α’ phase
4,7,8
.The microstructure of acicular 




Furthermore, the substructure of acicular martensite consists of stacking faults, dislocations and 
twins. It should be noted that owing to the diffusionless nature of this transformation, this phase 
is compositionally invariant, that is, it has the same composition as the β phase. The 
concentration of solute or β-stabiliser also influences the formation of plate martensite. As such, 
when the alloy is quenched from high temperatures with the α+β phase region, at a temperature 
above the martensite start (MS) temperature and a quench rate greater than 410°C/s, acicular 
martensite may form and some beta phase retained
8
. The microstructure of acicular martensite is 
shown in Figure 6. 
Figure 6. Acicular martensite in Ti-6Al-4V
14
 
At moderate quench rates between 20°C/s and 410°C/s, Ti6Al4V forms massive α martensite 
when quenched from above the Tβ. The transformation of the β phase to massive martensite is 
competitive with both martensitic and diffusion controlled transformations, so it is essential that 
the cooling rate be sufficiently low to allow for the formation of massive α. While the massive 
transformation is trans-interfacial (short range), it, like acicular martensite, has an HCP crystal 
structure and is compositionally invariant. Massive α martensite is often referred to as packet or 
lath martensite owing to the presence of large, irregular regions that contain small parallel plates 
about 0.5-1µm in size within its microstructure
7
. Retention of the β phase is not observed in 
packet martensite
13
. The micrograph in Figure 7 shows that massive α forms at prior β grain 
boundaries and at acicular martensite plates within the prior beta grain, as well as at individual 
acicular martensite plates. The influence of the cooling rate is such that the occurrence of 









2.2.5 Production of Ti alloys 
Ingot Conversion 





, or cold hearth melting. During VAR, sponge obtained from the 
Kroll process and scrap known as revert are fed into an electric arc furnace and melted. After the 
first melt, the surface of the ingot is ground and contaminants removed. For the purposes of 
homogeneity and the dissolution of oxygen- or nitrogen-related defects, the ingot is melted for a 
second time
1,16
. If the application that the alloy is to be used for is one where quality is critical, 
the ingot must be remelted a third time. The main disadvantage of VAR is that it can result in 
high density inclusions (HDIs). These occur when the electrode used to melt the input material 
comes into contact with elements, such as tungsten carbide (WC) attached to the revert that was 
used in welds. Since these inclusions have a high melting point they are, as a result, difficult to 








A more recent method used in ingot production is cold hearth melting and, depending on the 
source of heat, it can be termed plasma arc melting (PAM) or electron beam melting (EBM)
7
. 
The process of melting is similar to that employed in VAR, except that the copper crucible bears 
a solid titanium “skull”, over which molten titanium runs. As the molten titanium is always in 
contact with this skull, contamination from the hearth does not occur. Unlike in VAR, where 
everything from the electrode becomes part of the final ingot, in cold hearth melting the HDIs, 
being of a higher density than titanium, sink and are embedded in the skull
1
. Another advantage 
of cold hearth melting is that the loss of material is limited, as slabs and bars, which are more 
suitable for conversion into sheet form, can be cast, using cold copper hearth melting
5
. However, 
there is a downside to cold hearth melting, in that it cannot be used as a stand-alone method, but 
must, for the purposes of rotor grade material, be used in conjunction with VAR. For this reason, 
copper hearth products are slightly more expensive than vacuum arc remelted ingots. 
 
2.2.6 Industrial Thermo-mechanical processing of Ti-6Al-4V 
In industry, the thermo-mechanical processing of Ti-6Al-4V consists of ingot breakdown or 
primary fabrication and secondary fabrication.  
Primary Fabrication 
This is the also known as ingot breakdown and involves the use of techniques such as hot rolling 
or forging. The purpose of these is to break down the microstructure from casting, consisting of 
coarse lamellar colonies approximately 200-500 µm in size. This is done by β forging at 
temperatures 100 - 150°C above the Tβ. Recrystallisation at temperatures 50 - 75 °C above the Tβ 
is then carried out and the result is microstructure consisting of finer lamellar colonies
16
. The 






Figure 8. Schematic used to generate a lamellar microstructure in Ti-6Al-4V
4
. 
The challenges that arise during primary fabrication are due mainly to titanium being prone to 





This is the stage where components are fashioned. Methods used here include forging, extrusion, 
hot forming and machining. The choice of method used is dependent on the final product 
required. After secondary fabrication, the resultant microstructure can either be bimodal or 
equiaxed. 
 









The formation of a bimodal microstructure in Ti-6Al-4V requires that the lamellae obtained after 
the homogenisation step in Figure 10 (a) be plastically deformed.  This deformation takes place 
in the α+β phase field and should be as high as possible so as to increase the stored energy, 
which will be the driving force for recrystallisation. During recrystallisation, the deformed 
lamellae are transformed into equiaxed primary α (αp), through a mechanism known as 
globularisation
6
. The cooling rate after step III is also important, as a fast cooling rate results in 
coarser equiaxed αp and coarser α+β lamellae, while a slower cooling rate results in finer 
lamellae and finer equiaxed αp
5
 [Figure 10 (b)]. 
 
Figure 10.(a) Bimodal microstructure obtained after slow cooling, (b) bimodal microstructure 




A fully equiaxed microstructure is also acquired according to the processing schedule shown in 
Figure 9. However, in this case, the recrystallisation (step III) is done at very low temperatures 
within the α+β phase region. This is so that the formation of a fully lamellar microstructure is 
suppressed. Instead, the β phase forms at the triple junctions of α grains. The α grain size in this 
case will be larger than the αp observed in a bimodal microstructure
5,7






Figure 11. (a)equiaxed microstructure produced after (a) slow cooling and (b) equiaxed 




2.3 The Deformed State 
2.3.1 Stored Energy 
During plastic deformation, dislocations, vacancies and point defects are created within the 
material. Moreover, these dislocations increase and their motion is inhibited as deformation 
proceeds. A higher stress must then be applied to again set the dislocations in motion and this 
causes work hardening. The result is an increase of energy within the material, of which 99% is 
given off as heat and the rest stored
18
. The stored energy is mainly from dislocations, as the point 
defects and vacancies do not contribute significantly. It is the release of this energy that serves as 
the driving force towards restoration mechanisms such as recovery and recrystallisation. An 
increase in either strain rate or strain increases the number of dislocations within the material and 
thus is the driving force for recrystallisation or recovery. The stored energy can also be increased 
by performing deformation at lower temperatures. Therefore, it can be rationalised that the 
driving force for recrystallisation will be higher when deformation is carried out at low 





2.3.2 Stacking Fault Energy 
The mode of deformation during thermomechanical processing is determined by the metal’s 
stacking fault energy (γ SFE). In metals with a high γ SFE, the preferred mode of deformation is 
through slip or climb. Furthermore, metals such as these undergo recovery as a restoration 
mechanism. The lack of slip systems in metals with a low γSFE results in their undergoing 
twinning as a deformation mode and dynamic recrystallisation, although recovery may occur to a 
certain extent
19
. In Ti-6Al-4V, the beta phase has a high SFE and deforms by slip. It has been 
established that the restoration mechanism that this phase undergoes on deformation at 
temperatures above the beta transus is recrystallisation
18,20
. At temperatures below the beta 
transus, where both the α and β phase exist, twinning as a deformation mode is inhibited owing 
to the presence of alloying elements.  
Once a metal has been deformed, its mechanical properties can be restored through annealing it 
at high temperatures for a certain period of time. Although dislocations are arranged into lower 
energy configurations during annealing, grain boundaries remain unaffected. Subsequent 
annihilation and rearrangement of these dislocations lead to their forming subgrains. This is 
known as recovery. 
For recovery to occur a metal needs to be cold-worked and subsequently annealed but the 
process can also occur during deformation of the metal at high temperatures. In this instance, it is 
known as dynamic recovery (DRV). If dynamic recovery has occurred, the stress-strain curve 
typically resembles the one observed in Figure 12 (b). However, as the strain rate is increased 
during deformation, adiabatic heating may occur, resulting in the reduction of flow stress. 
Consequently, the stress-strain curve will exhibit flow softening. Post-deformation annealing 












During this process, new grains, free from dislocations, nucleate at high angle grain boundaries 
(misorientation angle > 15°) and at dislocations within the deformed or recovered microstructure. 
These then grow and consume old grains, resulting in a microstructure consisting of new grains. 
When recrystallisation occurs, high angle grain boundaries migrate through the transfer of atoms 
to and from the grains that are adjacent to the boundary. Where recrystallisation occurs during 
deformation at high temperatures, it is termed dynamic recrystallisation (DRX). For DRX to 
occur, a critical strain (ɛc) must be reached and this is before the peak of the stress-strain curve, 
as observed in Figure 13 (c). This value increases with a decrease in deformation temperature 
and a decrease in strain rate
18,20
.  
Recrystallisation initiates at old grain boundaries through the nucleation and subsequent growth 
of new grains. The process is repeated until the microstructure consists solely of fully 
recrystallised grains [Figure 13 (a)-(e)]. During the recrystallisation process grain growth does 
not occur, because the dislocation density of new grains increases as deformation proceeds. 
Moreover, the continued migration of high angle grain boundaries further serves to inhibit grain 
growth.  However, if a high temperature is maintained and deformation is terminated, static 








Figure 13. Resultant recrystallised grain size if the initial grain size is (a-d) large and (e) small
18
. 
Where DRX has occurred, flow stress curves exhibit a broad peak, followed by a decrease in 
flow stress into a plateau, as shown in Figure 13 (c).  It has been postulated that a small initial 
grain size (D0) results in a single broad peak in the stress-strain curve
18
. If D0 is small, the 
material is always partially recrystallised owing to lack of sites for recrystallisation. 
Consequently, because new grains are always continuously forming while deformation proceeds, 
the flow stress curve is averaged out into a single peak. However, if the starting grain size (D0) is 
large, then there are enough sites for recrystallisation to complete before another cycle of 
recrystallisation begins
20
. This leads to the oscillatory flow curve observed in Figure 14. 
Another reason that has been given for oscillatory flow stress is that, at low strain rates, a cycle 
of recrystallisation is initiated and completed before another one begins. The result is a true 
stress-true strain curve, showing cyclical behaviour. However, at higher strain rates, the flow 
stress shows a single broad peak that eventually decreases into a plateau. This is expected for 
deformation at a high strain rate, because parts of the microstructure have recrystallised and, 
before this is complete, another cycle of Rx has begun, and so forth. The result is a sum of all 







Figure 14. Oscillatory true stress-true strain curves, showing the dynamic recrystallisation of 
0.68% C steel (adapted from F. J. Humphreys)
18
. 
2.3.4 The Zener-Hollomon Parameter (Z) 
The relationship between strain rate and temperature during hot deformation is expressed by: 
     
 




where: is the strain rate, Q is the activation energy (J/mol), R is the gas constant and T is the 
temperature. 
This relationship is useful in deducing whether a metal will undergo flow softening or strain 
hardening during deformation. A high Z-value indicates that the metal will work harden, while a 
low value of Z means that the material will soften. Under conditions of high Z, it must be 
considered that adiabatic heating may occur during strain hardening, with flow softening the 
consequence. The features observed in Figure 12 (b) and (c), as well as in Figure 14 can be 




2.3.5 Grain Growth 
Once recrystallisation has occurred and a high temperature is maintained, the growth of 
recrystallised grains occurs rapidly
18
. While the microstructure is now free of dislocations 
following recrystallisation, the grain boundaries are thermodynamically unstable. As such, the 
grain boundary area must be reduced and this can be achieved either through larger grains 
growing and consuming smaller grains so that the grain size distribution is consistent (normal 
grain growth) or by certain favourably oriented grains growing in preference to others (abnormal 
grain growth)
2
.  This is illustrated in Figure 15.  
 
Figure 15. (a) normal and (b) abnormal grain growth following recrystallisation
18
. 
2.3.6 Influence of Processing Parameters on the TMP of Ti-6Al-4V 
The mechanical properties of Ti-6Al-4V following deformation are dependent on processing 
parameters such as the strain, strain rate and temperature
6,17,18,22
.Figure 16 shows the true stress-
true strain curves of Ti-6Al-4V with an equiaxed preform. From this figure it can be observed 
that the influence of strain rate is such that the flow stress increases with an increase in strain rate 
for a given temperature and that an increase in temperature results in a significant decrease in 
flow stress, regardless of strain rate. This trend has been found to be true for Ti-6Al-4V, 
regardless of the preform microstructure
3,23
. A closer study of Figure 16 further reveals that at 
strain rates ≤ 1/s, the material displays steady state behaviour irrespective of whether the 





Figure 16. True stress-true strain curves, showing the influence of strain and temperature on the 
flow stress of Ti-6Al-4V when deformed at (a) 850°C and (b)1100°C
6
. 
Steady state behaviour in the flow stress is a result of work hardening and softening mechanisms 
occurring at the same rate. It is attributed to dynamic recovery at temperatures within the α+β 
phase region and deemed to be a consequence of dynamic recrystallisation of β grains at 
temperatures above the  Tβ
6,19





Figure 17. Recrystallised β grains of a Ti-6Al-4V sample deformed at 1050°C, 0.5/s
24
. 
At strain rates above 1/s, flow softening is observed at both the two-phase and single-phase 
regions [Figure 16]. This phenomenon has been explained to be brought about by adiabatic 
heating at temperatures below transus and by flow instability at temperatures above the Tβ
6
.  
2.3.7 Processing Maps 
In industry, processing maps are used to establish process parameters where a metal can be hot 
rolled, extruded or hot forged without bringing about defects. Processing maps are generated 
using hot compression data, acquired over extensive temperature and strain rate ranges and the 
various microstructural mechanisms that occur under various temperature and strain rate 
conditions are identified
25
. Figure 18 below shows a processing map for Ti-6Al-4V with an 
equiaxed preform microstructure at a temperature range between 750
°
C and 1100°C and a strain 
rate range of        to 100/s. It can be seen from this figure that, in order to avoid the 
formation of adiabatic shear bands during thermomechanical processing below the Tβ, hot 
deformation should be done at strain rates below 1/s. Instability above the beta transus, as well at 








Figure 18. Processing map for Ti-6Al-4V with an equiaxed microstructure
25
. 
2.3.8 Microstructural Defects 
The hot deformation of Ti-6Al-4V, using parameters exceeding those stipulated in processing 
maps, results in the formation of microstructural defects. These include shear bands, as well as 
flow instability, within the microstructure. 
Adiabatic Heating and Adiabatic Shear bands 
Titanium and its alloys possess low heat conductivity and are thus unable to dissipate heat during 
deformation. This leads to an increase in the temperature of the specimen. As the temperature of 
Ti-6Al-4V increases, so too does the volume fraction of the β phase and this further contributes 
towards the softening of the alloy. At high strain rates the inability to disperse heat is 
exacerbated and may result in the formation of shear bands. Adiabatic shear bands are regions of 
highly localised deformation that arise as a consequence of deformation at high strain rates.  
Adiabatic shear bands are considered defects as their formation results in the flow softening of a 
material and its subsequent failure. In Ti-6Al-4V, deformation temperatures of approximately 
750°C and strain rates of 10
-2
 result in the failure of the material through the formation of 
adiabatic shear bands during hot compression
27
. A micrograph, as well as a macrograph showing 





Figure 19. (a) A micrograph and (b) a macrograph, showing shear bands in a Ti-6Al-4V sample 
deformed at 850, 10/s
19
. 
At temperatures above the beta transus and strain rates above 10/s, deformation results in flow 
instability within the microstructure. However, owing to the phase transformation that occurs on 
cooling Ti-6Al-4V from above the Tβ, the microstructural features of flow instability at this 
temperature cannot be acquired
19
. Instead, flow instability at this temperature manifests as flow 
oscillations in the stress-strain curve, as shown in Figure 14.  
 
2.3.9 Globularisation 
Globularisation is a process whereby α lamellae in titanium and its alloys are transformed into α 
globules during deformation below the Tβ. Globularisation may also arise during heat treatment 
of the metal after hot working. In both instances, globularisation results in flow softening and it 





2.3.10 Boundary splitting 
This is where lamellae are fragmented owing to intense localised shear within α α lamellae/plates 
during deformation and subsequent annealing below the Tβ. The driving force for boundary 
splitting is the instability of 90° dihedral angles between interphase α/β boundaries and 
interphase α/α boundaries
27
. This then leads to surface tension penetration of α platelets by the β 
phase
27
. In a study by Zhebtstrovet al.
28
, as well as one by Margolin and Chen
29
, it was found 
that large strains (ɛ >1.2) must be imparted on the metal in order to achieve a fully globularised 
microstructure through this mechanism. However, Semiatin et al.
27
argue that strains between 





Figure 20. The process of globularisation of an α plate in titanium shown to occur by (a) 
formation of substructures in the α plate, leading to subsequent localised shear, and (b), a  
schematic of globularisation in Ti-6Al-4V with a bi-modal microstructure
28
. 
2.3.11 Termination Migration 
The diffusional coarsening and spherodisation of lamellar platelets during heat treatment of 
titanium is known as termination migration. The difference in solute concentration between the 
curved edge of one platelet and the flat surface of a neighbouring platelet is the cause of this 
diffusion. As diffusion occurs, the edges of the plates shrink back, while those towards which 
diffusion is happening, coarsen. In α/β alloys this is dependent on the energy associated with 








2.4 Mechanical properties 
In Ti-6Al-4V, the influence of microstructure is such that a fully lamellar microstructure has 
superior creep resistance and better fatigue properties when compared to bimodal and equiaxed 
microstructures. However, cracks propagate much faster in lamellar microstructures owing to the 
lamellae providing longer paths for a crack to advance
31
. It is for this reason, in addition to the 
lack of ductility at room temperature by this microstructure, that equiaxed and bi-modal 
microstructures are preferred.  In Figure 21, it can be seen that the strength increases in the order 
of equiaxed, lamellar and bimodal microstructures. It can also be observed that the equiaxed 
microstructure displays a combination of ductility and strength, which is why it is preferred as 








2.5 The Steckel Mill 
A steckel mill is a two-stand reversing mill that consists of work and back up rolls. Invented in 
the 1930s, the steckel mill has been traditionally used for the production of steel sheet or plate. It 
was only in 1980 that that the first single-stand steckel mill was constructed, in Middleburg, 






comparison to a traditional hot strip mill, a steckel mill has two hot coiler furnaces on either side 
to replace the six stands found in a conventional mill, [Figure 22 (b)]. During processing, the 
strip loses heat to the surroundings, and more so as the gauge becomes thinner, which then 
increases the rolling forces required to deform the strip. Thus, the function of these furnaces, 
whose temperature is set between 970°C and 1000°C, is to keep the temperature of the metal 
strip elevated throughout processing so that reversing passes can continue indefinitely
2
.  
Before steckel mill rolling can proceed, a transfer bar from a roughing mill is first cropped to a 
height of 25mm or 35mm. Once the bar is fed into the steckel mill it is referred to as a strip. The 
strip can be considered as having three parts: the head, which enters the mill first, the mid-
section, and the tail, which enters the mill last. The head end of the strip is passed under the 
furnace on the entry side of the steckel mill and is threaded through the roll gap.  It then passes 
through the work rolls and is fed into the furnace on the delivery side at the pinch roll unit 
[Figure 22 (a)]. After a set period of time, the strip is released, again passed through the work 
rolls and fed into the furnace on the entry side, thereby completing the second pass. Passes can 
continue three, five, seven or nine times, until a gauge thickness of 2.5mm is achieved
33
. 
The parameters of importance during the steckel mill rolling process are the temperature (T), the 
strain rate ( ), the strain (ɛ) and the interpass time (t). The interpass time is defined as the 
amount of time that the strip spends within the coiler furnaces between passes. This parameter is 
of importance because the strip may undergo restoration processes during this time. However, 
owing to the various parts of the strip (the head, tail and midsection) spending different amounts 
of time within the furnaces, they do not undergo restoration processes at the same rate
2
.  
Advantages of a Steckel Mill 
The two main advantages of a steckel mill are its low cost and the fact that it can be adapted to 
produce sheet material from metals such as brass. Therefore, it is a worthwhile investment. 
However, it has other advantages. Thinner gauge lengths can be produced by maintaining a strip 
at high temperatures, through the use of coiler furnaces.  Also, the amount of land required to set 
up shop is minimised, owing to the presence of the coil boxes, which eliminate the need for long 




high quality finish, the steckel is also capable of producing 1.2 million tons of stainless sheets 
per year.   
 











3. EXPERIMENTAL METHOD 
3.1 Material 
The material used in these experiments consisted of five wrought extra-low interstitial (ELI) Ti-
6Al-4V rods with an oxygen content ≤ 0.13%.  These rods were10mm diameter and 750mm in 
length and were machined to 50 cylinders, each with a diameter of 10mm and a length of 15mm. 
The ends of the samples were surface ground after machining to ensure that the contact faces had 
a good surface finish. 
 
3.2 Uniaxial testing 
3.2.1 Tests Parameters: 
The tests carried out in this project focused only on the mid-section of the strip and a three-pass 
schedule. These tests were done using the parameters shown in Table 2. 
Table 2. Parameters used during the uniaxial compression tests. 
Temperature (°C) Nominal Strain Strain Rate (s-1) 
850, 950, 1050 0.48 1, 10 
 
Interpass Time 
The interpass time is defined as the time that the mill strip spends in the furnace between 
deformations. It is an important parameter, since during this time the strip may undergo 
restoration mechanisms, such as recovery or recrystallisation. As mill logs used in multiple 
deformation schedules of Ti-6Al-4V could not be found, the interpass time was calculated using 






The initial dimensions of a slab of Ti-6Al-4V were as follows
35
: 
Length = 2.5m 
Width = 0.95m 
Height = 0.2m 
From these dimensions, a volume of 0.45m
3 
was obtained. However, before the slab could 
undergo steckel mill rolling it had to go through a roughing mill, where the height would be 
reduced to 0.025m. Despite the height reduction, the volume remained constant. Thus, the new 
dimensions of the slab were as follows: 
Length = 20m 
Width = 0.95m 
Height = 0.025m 
Using Equation 2, the thickness of the strip after each pass was calculated. The thicknesses, 
together with the length of the strips after each pass, are presented in Table 3. 






 Equation 2 
where: hi is the final height and ho is initial height. 
Table 3. The lengths and thicknesses of a Ti-6Al-4V strip during steckel mill rolling. 
 Length (m) Thickness (m) 
L1 20 0.025 
L2 30.4 0.016 
L3 46.1 0.011 
L4 69.8 0.0072 
 
Once the thickness during each pass had been obtained, the arc length (Lp) of the rolls could be 




              Equation 3 
where: R is the work roll radius. (This was given as 0.36 m by Columbus Stainless Steel.) 
 
Using the arc length of the rolls, the roll speed was calculated, using Equation 4 
    






where:  is the strain rate, v is the roll speed and Lp is the arc length of the work roll.   
The roll time was then calculated, using Equation 5:  
                                Equation 5 
 
The calculated times for each strain rate are presented in the table below: 
Table 4. Roll times calculated for each strain rate. 





For the mid-section of a strip undergoing steckel mill rolling, the interpass time was calculated 
by taking an average of the consecutive rolls times and adding six seconds. These six seconds 




interpass times were calculated and found to be 384s and 712s, while at a strain rate of 10/s, the 
interpass times were calculated to be 44s and 77s, as summarised in Table 5. 
Table 5. Interpass times used during testing. 
Pass Strain (/s) Time (s) Strain (/s) Time (s) 
1-2 1 384 10 44 
2-3 1 712 10 77 
 
3.3 Sample Preparation for Uniaxial Compression 
The samples used in these experiments were deformed, using Gleeble 3800. The Gleeble 3800 is 
a computer-controlled thermomechanical simulator that makes use of resistance heating to 
achieve rapid heating rates up to 10000⁰C/s. The temperature of each sample was monitored 
using thermocouples welded to the centre of the sample by means of percussion welding. The 
wires were welded in such a way that they were not more than two wire diameters apart, to 
ensure the accurate measurement of temperature during testing. During testing, it was vital that 
the thermocouple wires not come into contact with one another, as this would have caused a 
short circuit. To circumvent this, a ceramic sheath was used. 
For these compression tests, an S-type (Platinum, Platinum/Rhodium) thermocouple was used. 
To weld thermocouple wires on to the specimens, a voltage of 37mV was applied. Furthermore, 
to lessen the friction between the sample and anvils and to thwart the welding of the sample to 
the anvils, graphite paper was attached to the ends of the cylinder using nickel paste which also 
served as lubricant. A coat of nickel paste was also applied to the compression anvils.  
Hot deformation was achieved using an argon atmosphere to prevent oxidation. Also, an argon 
atmosphere was chosen because Ti-6Al-4V samples self-deform when tests are performed under 
vacuum. Once specimen preparation was complete, the sample appeared as shown in Figure 23 







Figure 23. Ti-6Al-4V undergoing deformation in the Gleeble 3800 (a) Sample after being loaded 
in between anvils, (b) Heating up of sample (c)Sample just before deformation (d) Deformed 
sample. 
The tests were performed using a three-pass (three-hits) multi-deformation schedule. However, 
for ease of microstructural analysis between passes, the tests were carried out in an interrupted 
manner, outlined as follows: 
 For one hit at any of the test temperatures, the sample was heated at 4°C/s and held at 
temperature for 30 seconds to allow for homogenisation of the microstructure. The 
sample was then deformed and air quenched for 60s. 
 For two successive hits, a fresh sample was heated to temperature as in the first pass, 
homogenised for 30 seconds and then deformed. Following deformation, the sample was 
held at temperature for the interpass time corresponding to the strain rate used, for 
example, 44s when a strain rate of 10/s was used and 312s when a strain rate of 1/s was 
used. The sample was then deformed and air quenched for 60s. 
 To attain a full three-hits schedule, the procedure carried out in the first two hits was 






was annealed at deformation temperature for either 77s or 712s, depending on the strain 
rate used. Once the interpass time was reached, the sample was compressed and then air 
quenched for 60s. 
Figure 24 shows the deformation schedule used when Ti-6Al-4V was compressed at 1050°C 
and a strain rate of 10/s. 
 
Figure 24. The deformation protocol used on Ti-6Al-4V for compression tests carried out at 
1050°C, 10/s. 
3.4 Analysis of Variance (ANOVA) and the Taguchi Method 
In designing the experiments the Taguchi method was employed to encompass all the parameters 
and ensure that the experiments were kept to a minimum. A signal to noise (S/N) ratio was then 
used to analyse the results, in order to determine how much the experimental results deviated 
from the ideal
36


















Here, n is the total number of tests and y the flow stress value. From this ratio, the optimum 
processing parameters for the multipass deformation of Ti-6Al-4V could be determined. The 
influence of each parameter, temperature or strain rate could then be determined using this ratio, 
as well as ANOVA.  
To generate a Taguchi experimental matrix, the three temperatures, 850°C, 950°C, 1050°C were 
denoted 1, 2 and 3 and the two strain rates, 1/s and 10/s denoted 1 and 2, respectively. Table 6 
shows the resultant L6 orthogonal array, generated using the Taguchi method. Each paired 
experiment was repeated three times making a total of 18 experiments. 
 
Table 6. An L6 orthogonal array for uniaxial compression experiments in the Gleeble 3800. 
Experiment number Temperature Strain Rate 
1 1 1 
2 2 1 
3 3 1 
4 1 2 
5 2 2 





3.5 Microstructural Analysis 
3.5.1 Grinding and Polishing 
After deformation, the samples were prepared for microstructural analysis. First, they 
were sectioned in half, parallel to the compression axis, using an Isomet microslicer. 
[Figure 25 (a)] shows where a sample that has undergone one pass at 1050°C has been 
sectioned longitudinally. It is the centre of this sectioned sample (marked with a square) 
that is analysed microscopically. During uniaxial compression, friction between the 
anvils and the sample occurs. The plastic flow of the sample near the contact surface is 
thus restricted, and the strain at the ends of the sample is lower (approximately equal to 
the elastic strain)
37
 than at the sample’s center, which will experience strain greater than 
the nominal value
38
 (0.48 in these experiments). This mid portion of the sample can then 
be said to under uniaxial strain, whilst the rest of the sample will tend to radiate outwards 
in a process known as barreling. With an increase in temperature, barreling is lessened 
and the strain distribution tends to be more uniform. However, with a decrease in strain 
rate friction between the ends of the sample and the anvils increases, thus the strain at the 
center of the sample will be higher. Finally, the application of higher strains will also lead 
to a higher incidence of barreling, that is, the center of the sample will experience strain > 
than the nominal strain. [Figure 25(b)] shows the strain distribution in a modeled 
simulation of stainless steel, where the compression axis is vertical. The strain 
distribution depicted in this simulation is typical of all metals that have undergone 
uniaxial compression. The strain lines are horizontal where the strain concentration is 





Figure 25. (a) Sectioning of a deformed sample down the middle of the sample, parallel to the 
compression axis (dotted line), (b) the area where a mounted and etched sample is analysed 
(white square), and (c) the strain distribution in a model simulation of stainless steel that has 




The samples were hot mounted, using conductive carbon resin in a Struers Labo-Press 3 set to 
180°C, a force of 20kN and a total time of 12 minutes. This time encompassed both heating and 
cooling cycles. Mounted samples were then ground by hand, using 800 SiC grit paper on a 
StruersLabo-Pol 25 to remove the rough surface incurred from the cutting of the samples. 
Following this, a MD-Nap pad was affixed onto a Struers Tegrapol-11 and the samples were 
automatically polished, using OP colloidal silica, for 30 minutes. This was to eliminate scratches 
acquired from the grinding of the samples and also to give them a mirror surface finish. Using 
the same pad, the samples were rinsed with water for 15 minutes. 
3.5.2 Scanning Electron Microscopy (SEM) 
Piranha solution was used to etch the samples after polishing which was made using H2SO4 and 
H2O2 in a 1:1 ratio. In these experiments, 50 ml of H2O2 was added to a beaker containing 50 ml 
of H2SO4, using a pipette dropper. This was done under a fume hood. Samples, still mounted in 






samples were transferred into another beaker, containing clean water, for 20 minutes. This was in 
order to neutralise the etchant and to clean the samples. Ethanol was used to rinse the samples 
and they were dried with hot air. Scanning electron microscopy (SEM) was carried out, using an 
FEI NovaNano SEM 230 at the University of Cape Town. An accelerating voltage of 20 keV, 
working distance of 8 mm and a current of 0.45nA were used. In the instance, where SEM was 
coupled with energy dispersive X-ray spectroscopy (EDS), the working distance was changed to 
6 mm. 
 
3.5.3 Electron Backscatter Diffraction (EBSD) 
The FEI NovaNano SEM 230 was also used to carry out EBSD. Sample preparation was the 
same as outlined earlier, with the exception that the samples were not etched following polishing. 
An EBSD detector, set at a working distance of 163mm, was inserted and Oxford HKL Channel 
5 Flamenco software was used to capture the EBSD image. The sample was set at a working 
distance of 13.3mm, the voltage maintained at 20keV, the spot size at 4.5 and the sample set at a 
70° pre-tilt. A step size of 0.5ᶙm was used during the scanning of EBSD images. 
HKL software Tango software was used to post-process and analyse maps after acquisition was 
complete. The post-processing procedure incorporated a cleaning process where non-indexed 
points were assigned an orientation based on the sharing of at least four neighbours with the 
same orientation.  
 
3.5.4 Volume fraction of α phase 
The volume fraction of α grains after each pass at 950°C, 1/s, 950°C, 10/s and 1050°C, 10/s was 
calculated, using the systematic point count method detailed in the ASTM E562-11 standard. 
However, since the microstructure of interest was that highlighted in [Figure 25 (b)], the number 
of fields of view (n) used in these calculations was half that outlined in the standard for a 33% 




4. RESULTS AND DISCUSSION 
4.1 The as-received microstructure 
 
Figure 26. (a) Phase Map overlaid a Band Contrast Map (α phase – grey, β phase - blue), (b) 
Inverse Pole Figure, (c)        ,        and         pole figures, (ED- extrusion direction, 
RD- Radial Direction). 
The Ti-6Al-4V rod used in these experiments was extruded at temperatures below the Tβ to 
prevent the formation of a lamellar microstructure. Following this, a recrystallisation heat 
treatment within the α-β range was carried out for approximately two hours
7
. This resulted in a 




contrast EBSD map of the as-received microstructure is displayed in Figure 26 (a) and the 
volume fraction of the β phase (shown in blue) within this rod was found to be between 2-3% 
using HKL software. It was observed that the β phase was located at the boundaries of the α 
grains and this served to prevent grain growth during deformation at high temperatures, 
especially during the process of superplastic forming
6
. This fine, equiaxed microstructure is 
preferred industrially because it possesses a combination of high strength and ductility in 
addition to low cycle fatigue strength
40
. The ductility of the equiaxed microstructure in Ti-6Al-
4V is enhanced when the grain size is between 1-10μm and the volume fraction of the beta phase 
is 50% or less
41
. Both these factors promote grain boundary sliding of the α/α interphase during 
deformation
6,42,43
. The inverse pole figure (IPF), Figure 26 (b), indicates a strong texture, on 
which the {10-10} poles are parallel to the extrusion direction, while the basal poles are radially 
distributed (Figure 26 (c). This texture is known as {10-10} fiber, and is characteristic of 
process such as wire drawing and extrusion. 
 
4.2 Microstructure Evolution after Uniaxial Compression 
The deformation parameters used during uniaxial compression at 850°C, 950°C and 1050°C are 
summarised in Table 7. Each temperature was assigned two different strain rates, 1/s or 10/s, and 
to each strain rate a corresponding interpass time. Therefore, at 850°C, for instance, a three-pass 
schedule at 1/s would have 324s and 712s as interpass times between hits one to two and two to 
three, respectively. 
Table 7. Parameters used during the multipass hot deformation of Ti-6Al-4. 
Temperature 
(°C) 








850, 950, 1050 1 0.48 1 - 10 - 
1-2 0.48 1 324 10 44 





4.2.1 Deformation at 850°C,1/s 
 
Figure 27. The microstructures (a)-(e) and true stress-true strain curves (b)-(f),depicting flow 
stress behaviour of Ti-6Al-4V after one, two and three hits at 850°C, 1/s. Circled in (c) and (e) 
are recrystallised grains formed during hits two and three. 
Figure 27 (a) shows that after one hit at 850°C, 1/s, the microstructure consisted of deformed α 
grains. The true stress-true strain curve in Figure 27 (b) shows an oscillatory flow stress curve, 







been reached, the flow stress decreased monotonically as deformation proceeded. This behaviour 
of the flow stress indicated that the microstructure recrystallised partially during uniaxial 
compression. At the start of deformation, dislocations motion was initiated and dislocation 
multiplication occurred. The result was work hardening, which raises the stored energy within 
the material. When a critical strain value (ɛc) of 0.0104 was reached, small, dislocation-free 
grains nucleated at old grain boundaries and dislocations. This process is known as dynamic 
recrystallisation (DRX) and is the cause of flow softening during hot deformation
44
. 
Recrystallisation of Ti-6Al-4V with an equiaxed preform during deformation at 850°C, 1/s  has 
been alluded to by other researchers
6,32,45
. 
After two successive passes, the microstructure comprised a mixture of coarse, deformed grains, 
as well as some recrystallised equiaxed grains [circled in Figure 27 (c)]. These recrystallised 
grains formed through dynamic recrystallisation. The occurrence of these recrystallised grains 
was observed at the grain boundaries of deformed grains, which was expected, as grain 
boundaries are regions of high energy
21
. The coarse grains within the microstructure arose as the 
sample was being annealed for 324s following the first hit. During this time, the deformed grains 
from the first pass dissipated stored energy from static recrystallisation
3
 and this was followed by 
grain growth. Moreover, the grains that had dynamically recrystallised during the first hit also 
underwent grain growth, a process that was inhibited during hot deformation
18,46
. These 
coarsened grains were then deformed at the second hit and so attained their appearance in Figure 
27 (c).The true stress-true strain curve displays a similar pattern to that of the first pass: work 
hardening followed by flow softening, owing to dynamic recrystallisation after a maximum flow 
stress had been attained. Both the peak and average flow stress decreased at this pass, as shown 
in Table 8. 
Three successive passes at 850°C, 1/s resulted in a microstructure consisting of coarser deformed 
grains. In addition, small equiaxed grains were now observed not only at the grain boundaries of 
the deformed grains, but also between the fine α lamellae within the β phase. One such grain is 
circled in Figure 27 (e) and shown in the higher magnification micrograph in Figure 28. At 
850°C, the β phase was present within the sample at approximately 20%
6
. Hence, when the 
sample was quenched to room temperature after compression, the β phase transformed into 







Figure 28. Equiaxed α within lamellar α. 
The true stress-true strain curve in Figure 27 (f) at the third pass exhibits a plateau after a peak 
strain (ɛp) of 1.12, indicating that the rate of work hardening was now at equilibrium with that of 
flow softening owing to recrystallisation. In Table 8 below, the average flow stress is shown to 
have decreased with each subsequent pass and this was due to the recrystallisation and grain 
growth that occurred during the interpass times. Also seen in this table are critical stress (σc) and 
critical strain (ɛc), required to initiate recrystallisation during deformation.Values of the σc and ɛc 
were obtained using empirical Equation 6,  Equation 7
46,47
. 
         Equation 7 






where  σp and ɛp are the peak stress and peak strain, respectively. 
 
Table 8. Average flow stress, peak flow stress and strain, as well as critical stress and strain per 
pass, at 850°C, 1/s. 
Hit Average flow 
stress (MPa) 








1 251 240 229 0.0260 0.0104 
2 207 200 190 0.533 0.213 





4.2.2 Deformation at 850°C, 10/s 
 
Figure 29. The microstructures (a)-(e) and true stress-true strain (b)- (f) true stress-true strain 
curves depicting flow stress behaviour of Ti-6Al-4V after one, two and three hits at 850°C, 10/s. 
After one hit at 850°C, 10/s, the microstructure is shown in Figure 29 (a) and it consists of 







flow stress owing to work hardening. A plateau is then reached at 354 MPa, after which a dip in 
flow stress is observed. The plateau in the flow stress curve after one hit at 10/s indicates that the 
microstructure underwent recovery during hot deformation. This is known as dynamic recovery 
(DRV) and was to be expected because when the strain rate is increased, dislocation 
multiplication occurs but its motion limited. Thus, while this temperature was sufficient to allow 
for the formation of lower energy polygonised subgrains, it was insufficient for their migration. 
Therefore, the greater than 10° misorientation angle between subgrains that is required to form 
high angle grain boundaries was not achieved. It is the region between these high angle grain 
boundaries that serves as a nucleus for recystallised grains
46
. However, the formation of 
subgrains does not alter the shape of the grains, so they retain their deformed shape. The slight 
dip in flow stress seen after the plateau in the figure is indicative of adiabatic heating, caused by 
hot working at high strain rates
18,20
. 
The true stress-true strain curve in Figure 29 (d) shows that, following an inter-anneal time of 
44s, the flow stress was now lower than at hit one [Table 9] and this was due to recrystallisation 
and grain growth occurring during the interpass time of 44s, prior to the second hit. Since the 
distribution of strain was non-uniform at this strain rate, it followed that recrystallisation and 
grain growth would be non-uniform, occurring where the dislocation density was at its highest. 
Following two hot compressions, the sample was annealed for 77s at the deformation 
temperature, after which steady state was observed in the flow stress curve [Figure 29 (f)]. This 





Table 9. Average flow stress, peak flow stress and strain, as well as critical stress and strain per 
pass at 850, 10/s. 
Hit Average flow 
stress (MPa) 








1 313 354 336 0.167 0.067 
2 235 271 257 0.485 0.194 




The graph in Figure 30 shows that the average flow stress increased with an increase in strain 
rate, as was expected. However, contrary to expectations, recrystallisation at the higher strain 
rate was less than that at 1/s. This was due to the uneven distribution in strain at the 10/s which 
resulted in the recrystallisation itself being heterogeneous. The higher interpass times that arose 
from the use of a low strain further served to promote recrystallisation at this temperature, but 












































4.2.4 Deformation at 950, 1/s 
 
Figure 31. (a)-(e) The microstructures and (b)-(f) true stress-true strain curves, depicting flow 
stress behaviour of Ti-6Al-4V after one, two and three hits at 950°C, 1/s. 
The true stress-true strain curve [Figure 31 (b)], after a single hit at 950°C, 1/s, shows an 







233 MPa and was followed by continuous flow softening. This trend had been observed during 
the hot deformation of Ti-6Al-4V at this temperature and strain rate and the phenomenon 
attributed to globularisation ofTi-6Al-4V, with either fully lamellar or bi-modal 
preforms
6,30,43,48,49
. However, as shown by Figure 26, the initial microstructure of the Ti-6Al-4V 
used in this project was equiaxed with no α lamellae. Consequently, when the alloy was heated 
to 950°C, some of the primary α (αp) phase transformed into β, resulting in a microstructure 
consisting of both αp and β phase, whose volume fraction was approximately 60% 
6
. 
Deformation of the sample resulted in the movement and multiplication of dislocations, which 
resulted in work hardening and an increase of stored energy. When a critical strain of 
approximately 0.012 was reached, a phase transformation took place. Such a transformation 
would have occurred during deformation, as well as during the interpass time, when the sample 
was annealed at deformation temperature for 324s. Microstructural defects, such as dislocations, 
raised the stored energy of the material, thereby driving the transformation from β phase to α 
once a critical strain had been reached. The process by which β phase is transformed to 
thermodynamically stable equiaxed α during deformation is known as a strain-induced phase 
transformation (SIT)
48,50
 and was observed by Dehghan-Manshadi et al.
51
 during compression 
tests on α-β alloy Ti-6Al-2Sn-4Zr-2Mo. Following deformation, the alloy was quenched, 
resulting in transformation of β phase into αw. The resultant microstructure was bi-modal 
(equiaxed α grains separated by equilibrium α+β lamellae, with Widmanstätten morphology) and 
is shown in Figure 31 (b). This microstructure was different from findings by Dehghan-
Manshadi et al. and He et al., where β phase transformed into martensite upon quenching, 
following hot deformation at sub-transus temperatures
50,51
. The reason for this can be ascribed 
either to the varying quench rates used (14°C/s in these experiments vs. 500°C/s used in the 
researchers’ experiments) or to the fact that, in the case of Dehghan-Manshadi et al., the alloy 
was Ti-6Al-2Sn-4Zr-2Mo,the composition of which is different from that of Ti-6Al-4V. 
The microstructure after the second pass is displayed in Figure 31 (c) and it consists of coarse 
deformed α grains, as well asWidmanstätten α+β lamellae. The number of equiaxed α grains in 
this microstructure [Figure 31 (c)] appears to have increased in comparison to those after the 
first hit [Table 11]. The decrease in lamellar α indicates that the β phase continued to transform 




within β grains serving as sites for nucleation and growth. Meanwhile, those grains that 
nucleated during deformation grew.  
The effect of temperature was also considered, that is, whether the SIT from β phase into α was 
not due to a decrease in temperature during either deformation or inter-annealing. A graph of 
temperature against time was then plotted [Figure 32 (a)]. Figure 32 (b) is a close-up of Figure 
32 (a) at hits one and two and it shows that the temperature was stable at interpass times and only 
increased when the sample was deformed, where a sharp spike was observed. Since heat is 
muted during deformation, the Gleeble must readjust/ recalibrate to the temperature of the 
sample just after deformation and this presents as sharp rise in temperature, which is followed by 
a sharp drop. This occurred quickly, as shown in Figure 32 (b), and would not have provided 
sufficient time for a phase transformation. Following this brief fluctuation, the temperature then 
stabilised and it was this stabilisation that showed that the phase transformation was brought 
about by strain and not influenced by temperature instability. 
 
Figure 32. Temperature-time graph after 3 hits at 950°C, 1/s. 
Table 10 shows that, as a consequence of the increase in the number of α grains, as well as their 
coarsening during the interpass time, the average flow stress decreased from 201MPa at pass one 
to159 MPa at the second pass [Table 10]. This decrease was in agreement with studies by Park 
et al.
32
, who found that a microstructure consisting of equiaxed α was softer and would thus 
display lower flow stress values in comparison to its bimodal counterpart. The true stress-true 





due to the motion and multiplication of dislocations, and flow softening due to the SIT of the β 
phase. 
Three successive hits at 950°C, 1/s resulted in a microstructure that also consisted of coarse, 
deformed grains [Figure 31 (e)]. In Table 11, it can be seen that the volume fraction of α grains 
increased further, as more beta β was transformed into α during the 712s interpass time. At the 
third hit, once a critical strain of 0.39 had been exceeded [Figure 31 (f)], the true stress-true 
strain curve was steady state, as equilibrium had been reached between work hardening and flow 
softening. The average flow stress at this pass was 159MPa, which was similar to that at the 
second pass.  
Table 10. Average flow stress, peak flow stress and strain, as well as critical stress and strain per 
pass at 950, 1/s. 
Hit Average flow 
stress (MPa) 








1 201 236 224 0.030 0.012 
2 159 198 189 0.48 0.19 
3 159 174 165 0.97 0.39 
 
Table 11. Volume fractions of equiaxed α grains after each pass at 950°C, 1/s. 
Hit Volume fraction of α grains standard deviation 
1 55  3.61 
2 62.5  3.54 






4.2.5 Deformation at 950°C, 10/s 
 
Figure 33. The microstructures (a)- (e) and true stress-true strain (b)-(f) true stress-true strain 
curves, depicting flow stress behaviour of Ti-6Al-4V after one, two and three hits at 950°C, 10/s. 
After one pass at 950°C, 10/s the microstructure was bi-modal [Figure 33 (a)]. Table 13 shows 












each pass. From this table, it can be observed that the volume fraction of the lamellar phase after 
the first pass was 58.5%, which was approximately 13.5% higher than the volume fraction within 
the microstructure at 950°C, 1/s. Figure 34 shows temperature fluctuations after the first hit and, 
unlike those seen at a similar point at 950°C, 1/s, these persisted for longer, with the temperature 
being as high as 978°C, whereas it should have stabilised to 950°C.This might have led to 
adiabatic heating within the sample and thus led to the increasing of the volume fraction of the β 
phase. On air quenching of the sample, the β phase was transformed into α lamellae. 
 
Figure 34. Temperature-time graph after three hits at 950°C, 10/s. 
In addition, further study of this microstructure revealed that the equiaxed α grains at this strain 
rate were slightly finer than those of the sample deformed at 950°C, 1/s. The linear intercept 
method was used to calculate the grain size and it was found to be approximately 7.53 ᶙm after 
one hit at 1/s whereas after one hit at 10/s, it was 6.80 ᶙm. Although an increase in strain rate is 
known to bring about an increase in the flow stress due to the increase in the velocity of 
dislocations
52
,it is also thought to bring about the refinement of grain size
21,46,50
. This is by 
increasing the dislocation density although the mechanism of this increase is not understood. 
These now denser dislocations then serve as sites for the nucleation of α grains. Furthermore, at a 
higher strain rate, the sample spends less time at temperature during deformation and this also 
contributes to the finer grain size. As was the case at the first pass at 950°C, 1/s, flow softening, 





and it was also due to the SIT of the β phase. However, the flow stress curve at this strain rate 
had jagged points at the onset of compression. These were due to flow instability, caused by 
resistance to dislocation movement, a consequence of using a high strain rate. Once this 
resistance had been overcome, deformation proceeded smoothly. 0.2% proof stress had to be 
used in order to acquire the peak flow stress in this instance. The values of the peak flow stress, 
average flow stress, 0.2% proof stress and critical strain per pass are shown in Table 12. 
Figure 33 (c) shows the microstructure of Ti-6Al-4V after two successive passes at 950°C, 10/s. 
This microstructure consisted of deformed globular α grains and some finer, recrystallised 
equiaxed grains, which arose from SIT during deformation. The volume fraction of the α phase 
increased to 65% at this pass [Table 13] and it was the transformation of the β phase into 
equiaxed α phase during deformation, as well as during the inter-anneal time of 44s, that was 
responsible for this. Grain growth also took place, leading to the effective decrease in the 
average flow stress at the second hit. A further increase in the volume fraction of the equiaxed α 
phase to 68% was observed after Ti-6Al-4V had undergone three consecutive passes at 950°C, 
10/s [Figure 33 (e),Table 13]. This means that when the sample was held at temperature for 77s, 
there was further transformation of β phase into equiaxed α phase and then grain growth. Fine 
equiaxed grains in the microstructure were the result of β phase transforming into equiaxed α 
during deformation. As with the third hit at 1/s, the flow stress curve at the third hit showed 
steady state behaviour, as the rate of work hardening had reached equilibrium with that of flow 
softening. 
Table 12. Average flow stress, 0.2% proof stress and strain, as well as critical stress and strain 
per pass, required to initiate restoration mechanisms at 950°C, 10/s. 
Hit Average flow 
stress (MPa) 








1 265 270 276 0.046 0.031 
2 232 260 247 0.49 0.19 







Table 13. Volume fractions of equiaxed α grains after each pass at 950°C, 10/s. 
Hit Volume fraction of α grains (%) Standard deviation 
1 41.5  3.81 
2 65  3.35 
3 68 2.82 
 
4.2.6 Summary 
During multi-pass deformation of Ti-6Al-4V at 950°C, it was observed that the flow stress 
curves exhibited a similar pattern, regardless of strain rate, and work hardening, followed by 
flow softening, occurred at each pass [Figure 31 (a)-e) and Figure 33 (a)-(e)].  
Average flow stress values of samples deformed at 950°C, using either 1/s or 10/s strain rates, 
are shown in Figure 35. These values were higher when the sample was deformed at 10/s, 
although at both strain rates the flow stress decreased at each pass, on account of the strain-
induced phase transformation of the β phase. The flow stress being higher at 10/s was due to the 
velocity of dislocations being higher at a higher strain rate. As a consequence, these dislocations 
piled up, resulting in a higher force being required in order to enable their motion.  
Temperature fluctuations might have led to adiabatic heating occurring during uniaxial 
compression of Ti-6Al-4V at 950°C, 10/s, resulting in the microstructure consisting of a higher 
amount of lamellar α phase, in comparison to its 1/s counterpart despite both microstructures 
being bimodal. Another effect of using a high strain rate was that, with each subsequent pass, the 
volume fraction of equiaxed α grains also increased. Table 14 further shows that this increase 
was more significant at 10/s, as the volume fraction of α grains had increased by 26.5% after 




by an increased strain rate, meant that the sites for the nucleation and growth of equiaxed α 
grains at β grain boundaries, as well as within β grains were also increased.  
 
Figure 35. Graph of average flow stress values against pass number at 950°C, 1/s and 950°C, 
10/s. 
 
Table 14. The volume fraction of equiaxed α grains at 950°C at either 1/s or 10/s. 
Strain rate 
(/s) 
Pass Volume fraction of equiaxed 
α grains (%) 
Strain Rate 
(/s) 






2 62.5 2 67 




































4.2.7 Deformation at 1050°C, 1/s 
 
Figure 36. The microstructures (a)-(e) and true stress-true strain (b)- (f) true stress-true strain 
curves, depicting flow stress behaviour of Ti-6Al-4V after one, two and three hits at 1050°C, 1/s. 
A single pass at 1050°C, 1/s resulted in a microstructure consisting of equilibrium α+ β lamellae 
with Widmanstätten morphology [Figure 36 (a)]. This microstructure was the result of the alloy 









S.M. Kelly, who found that the use of an intermediate cooling rate resulted in such a 
microstructure when Ti-6Al-4V was cooled from above the Tβ
8
. At 1050°C, Ti-6Al-4V consisted 
solely of the β phase and, on quenching; (αgb) formed at prior β grain boundaries. Once the entire 
prior β grain boundary was covered by αgb, parallel plates of αw delineated by β phase, then grew 
into the prior β grain, eventually joining up with other lamellae that grew from other points 
within the same prior β grain
8
. The flow stress at hit one in the true stress-true strain graph 
[Figure 36 (b)] was steady state ,which, coupled with the oscillatory behaviour, indicated that 
recrystallisation had taken place during deformation
18
.These features were borne by all three true 
stress-true strain curves at this temperature and this was in agreement with work by other 
researchers
6,24,53 
when they carried out uniaxial compression of Ti-6Al-4V under similar 
conditions. Table 15 summarises the average flow stress values and also shows the ɛc and σp 
required to initiate recrystallisation at each pass during deformation at 1050°C,1/s. 
Despite recrystallisation having taken place, the prior β grain size at this temperature was very 
coarse following deformation. This, in part, was due to the growth of β grains during the 30s 
hold prior to the first hit and, also, to the diffusion rate being high with the result that nucleation 
and growth of recrystallised grains proceeded at a fast rate
46
. Therefore, grain refinement was not 
possible and the prior β grain size remained coarse. 
After two passes at 1050°C, equiaxed α, together with αw was observed within the microstructure 
[Figure 36 (c)]. However, this microstructure was not bimodal. Table 16 depicts volume 
fraction of equiaxed α grains after two and three hits. Also, following two hits, the prior β grain 
size was then so coarse that prior β grain boundaries were barely visible on the micrograph. 
While recrystallisation resulted in the reduction of stored energy, the grain boundaries were still 
regions of high energy and were thermodynamically unstable
18
.Therefore, during the interpass 
time of 324s (between hit one and hit two), growth of dynamically recrystallised β grains 
occurred, in order to further reduce stored energy within the microstructure and attain 
stability
21
.The consequence of grain growth was such that it lowered the flow stress when the 
alloy was deformed a second time. At this temperature, the strain-induced phase transformation 
from β phase into α at the deformation temperature was not possible, as the α phase cannot exist 
above the Tβ. Thus, upon quenching of the sample, a SIT from β to equiaxed α could have then 




as extensive as that observed at 950°C, 1/s. This was due to compression being carried out at 
both a low strain and a higher temperature, resulting in dislocations being readily annihilated. 
Consequently, the stored energy within the microstructure was lower and the driving force 
towards a phase transformation from β to α was reduced. After three consecutive hits, the 
microstructure was similar to that obtained after two passes. In Figure 37, the temperature is 
shown to be stable throughout all three hits; hence the phase transformation from β phase to 
equiaxed α cannot be ascribed to a drop in temperature during deformation. 
 
Figure 37. Temperature-time graph after three hits at 1050°C, 1/s. 
Energy dispersive X-ray spectroscopy (EDS) in the SEM was used to ascertain the chemical 
composition of α and β phases. A compositional difference between these two phases would 
confirm that lamellar α, seen in the micrographs in Figure 36 (a)-(e), was Widmanstätten and not 
martensite. The graph in Figure 38 shows the wt% of Al and V, at the points indicated on the 
image, and it must be noted that the balance was Ti for each spectrum point. In this graph, it is 
seen that the composition of Al was higher than that of V. This was to be expected for an 
equilibrium α-β phase, as there was time during cooling for the two elements (Al and V) to 
separate. If the microstructure had been martensitic, the spectrum would have shown 
compositional invariance and the microstructure would have consisted of acicular laths, oriented 




transformation, partitioning of the elements Al and V would not occur, thus the laths are not 
separated by β phase. In comparison, αw was delineated by the β phase and the lamellae were 
parallel one another. 
 
Figure 38. EDS Spectrum of Ti-6Al-4V that has undergone two passes at 1050°C, 1/s. 
Table 15. Average flow stress, peak flow stress and strain, as well as critical stress and strain per 
pass, at 1050, 1/s. 
Hit Average flow 
stress (MPa) 








1 72 96 91 0.14 0.0058 
2 65 62 58 0.45 0.18 
3 66 65 62 0.91 0.36 
 
Table 16. Volume fractions of α grains with each pass at 1050°C, 10/s. 
Hit Volume fraction of α grains (%) Standard deviation 
1 0 - 
2 2 0.57 




4.2.8 Deformation at 1050°C, 10/s 
 
Figure 39. The microstructures (a)-(e) and true stress-true strain curves (b)-(f), depicting flow 








At 1050°C, using a strain rate of 10/s, a single pass resulted in a lamellar microstructure with 
Widmanstätten morphology [Figure 39 (a)] and this was confirmed using EDS analysis for 
solute partioning. As in the case of uniaxial compression at 950°C, 10/s, instability was seen at 
the onset of deformation at the first pass and was due to difficulty in initiating dislocation 
movement at a high strain rate. After two successive passes at 1050°C, 10/s the microstructure is 
shown in [Figure 39 (c)] and is bimodal. The phase transformation from β to α was more 
extensive compared to that at 1050°C, 1/s and this was due to the high strain rate used. The 
microstructure of Ti-6Al-4V after three passes is shown in [Figure 39 (e)]. Unlike the time-
temperature graph seen during uniaxial compression at 950°C, 10/s [Figure 34], the time-
temperature at 1050°C, 10/s [Figure 40] displays no temperature fluctuations throughout the 




Figure 40. Temperature-time graph after three hits at 1050°C, 10/s. 
Calculation of the volume fraction of equiaxed α grains revealed a slight difference in the 
volume fraction between hit two and hit three, increasing from 23% to 26% [Table 18]. In Table 




because of the grain growth that occurred during both the 44s and 77s interpass times. True 
stress-true strain curves [Figure 39 (b)-(f)] reveal that the flow stress depicted steady state 
behaviour, which was initiated at the first pass.  
Table 17. Average flow stress, peak flow stress and strain, as well as critical stress and strain per 
pass at 1050, 10/s. 
Hit Average flow 
stress (MPa) 








1 104 143 135 0.02 0.008 
2 95 105 100 0.46 0.18 
3 90 96 91 0.93 0.37 
 
Table 18. Volume fractions of equiaxed α grains with each pass at 1050°C, 10/s. 
Hit Volume fraction of α grains (%) Standard deviation 
1 0 - 
2 23 1.09 
3 26 1.63 
 
4.2.9 Summary 
The microstructures after one hit at strain rates of 1 and 10/s are similar, consisting of αw. With 
further strain imparted on these samples, the microstructures deviated from one another at the 
second and third hits: the microstructure after two and three hits at 10/s was bimodal, whereas 
that at 1/s, although containing some equiaxed α was still Widmanstätten. A strain rate of 10/s 
raised the extent of SIT upon air quenching, through the increase in the number of sites for 
nucleation and growth of equiaxed α grains. In the graph displayed in Figure 41, it can be seen 
that the average flow stress values at 10/s were higher than those at 1/s, although marginally so. 




impact so largely on the flow stress. Furthermore, the flow stress values decreased with each 
subsequent pass, following inter-annealing, and this was due to grain growth during the interpass 
times at 1/s and at 10/s. 
 
Figure 41. Graph of average flow stress values against pass number at 1050°C, 1/s and 10/s. 
 
Table 19. The volume fraction of equiaxed α grains at 1050°C at either 1/s or 10/s. 
Strain 
rate(/s) 




Pass Volume fraction of α 
grains (%) 
1 1 - 10 1 - 
2 2 2 23 



































4.3 Influence of Temperature and Strain on Microstructure Evolution 
4.3.1 Single Pass Deformation 
 
Figure 42. Micrographs of samples deformed at 850°C, 950°C,1050°C, 1/s or 10/s. True stress- 
true strain curves (a), (b) and (c) of samples that have undergone a single compression at either 
1/s or 10/s. 
After one hit at both 1/s and 10/s, the microstructures were of a similar morphology: deformed α 
grains at 850°C, bimodal at 950°C and Widmanstätten α-β lamellae at 1050°C. Figure 42 (a-c), 
as well as Table 20,shows that the flow stress increased with strain rate if the temperature was 
850°C, 1/s, 1 hit 850°C, 10/s, 1 hit 
950°C, 1/s, 1 hit 950°C, 10/s, 1 hit 




kept constant, whilst the flow stress decreased with an increase in temperature, a trend in 
agreement with that of other researchers
24,54
. Furthermore, at 850°C, the strain rate used affected 
the restoration mechanisms that took place within the microstructure during deformation, with 
evidence of recrystallisation at1/s vs. recovery at 10/s.While both microstructures were bimodal 
after deformation at 950°C, that of the sample compressed at 10/s had a higher volume fraction 
of lamellar α in contrast to its 1/s counterpart. This was a result of temperature fluctuations at 
that strain rate which might have resulted in adiabatic heating. Ti-6Al-4V, being a poor 
conductor is unable to dissipate heat when the strain rate is increased. Consequently, the 
temperature of the sample was higher than 950°C and the volume of the β phase increased. On 
quenching of the sample, the β phase transformed into αw . 
 
Table 20. Average flow stress values of Ti-6Al-4V after one hit. 
Temperature Strain rate Average flow stress (MPa) 
850°C 1 251 
10 313 
950°C 1 201 
10 265 







4.3.2 Influence of Interpass Time on Microstructure Evolution (Three-Pass 
Deformation Sequence) 
 
Figure 43. Micrographs of  samples deformed at 850°C 1/s or 10/s after one, two and three hits. 
Recrystallised grains (circled) after three hits at 850°C, 10/s. 
In Figure 43, it can be observed that after one hit at 850°C, 1/s, the microstructure consisted of 
deformed α grains. Following interpass times of 324s and 712s and their subsequent 
corresponding deformations, the microstructure still consisted of deformed grains and 
recrystallised grains, which had formed during deformation of the alloy, were also discernible. 
The influence of the interpass times at this temperature and strain rate was such that the 
deformed grains, having accrued dislocations during deformation, expended stored energy within 
the microstructure through static recrystallisation. Grain growth then proceeded and this resulted 
in the flow stress decreasing at the subsequent passes [Figure 27 (b-f)]. At the same temperature 
but higher strain rate, the microstructure after one hit was similar to that obtained after one hit at 
1/s. After an interpass time of 44s, following the first deformation and preceding the next, the 
microstructure, too, consisted of coarse, deformed grains, although in this instance, recrystallised 
850°C, 1/s, 1 hit 850°C, 1/s, 2 hits 850°C, 1/s, 3 hits 




grains were not discernible This means that during the interpass time recrystallisation and grain 
growth took place bringing about the coarsening [Figure 43, two hits]. The sample was again 
held at temperature for 77s after the second hit. The grains, after this inter-anneal, were still 
heavily deformed. The resultant microstructure at 850°C, 10/s after one, two or three hits was 
affected by the strain rate, which resulted in a non-uniform distribution of strain. Thus, when the 
sample was annealed between passes, only the portions of the microstructure where the strain 
concentration was at its highest, recrystallised. Consequently, recrystallisation was 
heterogeneous (circled grains in Figure 43, three hits). 
 
Figure 44. Micrographs of samples deformed at 950°C 1/s or 10/s after one, two and three hits. 
The microstructure after one pass at 950°C, 1/s or 10/s was bimodal and evolved only when 
further strain had been imparted [Figure 44]. Table 21 shows that the volume fraction of 
equiaxed α grains increased from 41.5% to 65% after two hits and then to 68% after three hits at 
10/s. Conversely, the volume fraction of equiaxed α grains increased from 55% to 62.5% after 
two hits and then to 67% after three consecutive hits at 1/s. Although the final volume fraction of 
equiaxed α grains at either strain rate was similar after three successive hits, the interpass times 
950°C, 1/s, 1 hit 950°C, 1/s, 2 hits 950°C, 1/s, 3 hits 




of 44s and 77s at 950°C, 10/s, resulted in a higher SIT of β phase into equiaxed α grains. This 
was evidenced by the 23.5% increase in equiaxed α grains from hit one to two at 10/s, compared 
to the 7.5% increase at 1/s. The SIT of β phase was enhanced, because the use of a higher strain 
rate generated a high density of dislocations. These not only served as nucleation sites for 
equiaxed α grains within the β phase, but also increased the stored energy that was the driving 
force for this transformation. The use of annealing times between passes at either strain rate 
allowed not just for the nucleation and growth of α grains via a strain induced phase 
transformation, but also for grain growth. This was evidenced by the fact that at 1/s and 10/s, 
coarse α grains were present in the final microstructure, although those observed in the 
microstructure at 10/s, while coarse, were deformed. 
 
Figure 45. Micrographs of samples deformed at 1050°C, 1/s or 10/s after one, two and three hits. 
At 1050°C, after one hit using a 1/s or 10s strain rate the microstructure was comprised of 
Widmanstätten α-β lamellae [Figure 45]. An interpass time of 324s at 1/s resulted in equiaxed α 
forming within the microstructure, although this was less than that observed at 950°C, 1/s (2 % 
at 1050°C,1/s vs. 55% at 950°C,1/s). The dislocations generated at this temperature were 
lessened by the low strain rate and so the sites upon which equiaxed α could nucleate from β 
1050°C, 1/s, 1 hit 1050°C, 1/s, 2 hits 1050°C, 1/s, 3 hits 




phase during quenching were reduced. In addition, the high temperature meant that dislocations 
were annihilated faster. Consequently, during this inter-anneal period, growth of β grains 
occurred, rather than an SIT. The scenario was the same when the sample was annealed for 712s 
after the second hit. However, when a 10/s strain rate was used, the volume fraction of equiaxed 
α increased, but this was less than that seen after the sample had undergone three hits at 950°C, 
10/s [Table 21]. Despite dislocations being eradicated faster because of the elevated temperature, 
the strain rate was still sufficiently high to ensure that the dislocation density was sufficient for 
the nucleation of globular α phase.  





Pass Volume fraction of 
α grains (%)  
Strain 
rate (/s) 
Pass Volume fraction of α 
grains (%) 
950 1 1 55 10 1 41.5 
2 62.5 2 65 
3 67 3 68 
1050 1 1 0 10 1 0 
2 2 2 23 






4.4 Analysis of Variance (ANOVA) and the Taguchi Method 
ANOVA yielded the results presented in [Table 22, Table 24,Table 26]. From these tables it 
was observed that the calculated F value for temperature was higher than that of strain rate for all 
passes. This meant that temperature was the more influential parameter towards microstructural 
restoration and the finding was in accordance with those of Babu et al.
53
. The results of the 
Taguchi method [Table 23,Table 25, Table 27] show that the optimum processing parameters 
for the rolling of Ti-6Al-4V, using a three pass schedule were a temperature of 1050°C and a 
strain rate of 1/s. However, based on microstructural analysis, these parameters yielded a 
microstructure that was mainly Widmanstätten α-β lamellae the shortcoming of the 
microstructure being its low ductility. However, where creep resistance was a necessity, a 
lamellar microstructure would serve
4,55
. For purposes where the metal was still to be deformed 
and ductility required, the microstructure obtained after three passes at a temperature of 950°C 
and a strain rate of 10/s would suit as it was comprised of a recrystallised α microstructure that 
was malleable
32
. The microstructure obtained after three passes at 850°C, 10/s was unsuitable 
due to the highly deformed grains that arose following compression. This microstructure, as well 
as the non-uniform distribution of recrystallised grains, would yield a similarly heterogeneous 
microstructure, even if a post deformation heat treatment were to be carried out. Furthermore, the 
high force required to deform the alloy using these parameters would require a large amount of 
energy, which is not cost-effective. Whilst hot compression using a strain rate of 1/s at the same 
temperature did not present the same challenges as 10/s, there was the matter of coarse grains 
brought about by the use of long interpass times. This was, in fact, true of all samples deformed 
at 1/s for all deformation temperatures. A coarse-grained microstructure is, of course, unsuitable 
for industrial applications mainly as it is lacking in strength. 
Table 22. ANOVA for flow stress after one pass. 
Source of variation Fcalc Fcrit 
°C 111.81 3.89 





Table 23. S/N ratios after one pass. 
Strain Rate (/s) Temperature (°C) S/N ratio 
1 1 6.35E-05 
1 pass 
1 2 9.54E-05 
1 3 7.50E-04 
2 1 3.88E-05 
2 2 5.40E-05 
2 3 3.50E-04 
 
Table 24. ANOVA for flow stress after two passes. 
Source of variation Fcalc Fcrit 
°C 107.55 3.89 
(/s) 26.25 4.74 
 
Table 25. S/N ratios after two passes. 
Strain Rate (/s) Temperature (°C) S/N ratio 
1 1 9.40E-05 
2 passes 
1 2 1.52E-04 
1 3 1.22 E-03 
2 1 6.81E-05 
2 2 7.00E-05 





Table 26. ANOVA for flow stress after three passes. 
Source of variation Fcalc Fcrit 
°C 56.64 3.89 
(/s) 18.41 4.74 
 
Table 27. S/N ratios after three passes. 
Strain Rate(/s) Temperature (°C) S/N 
1 1 1.23 E-04 
3 
passes 
1 2 1.50 E-04 
1 3 8.45 E-04 
2 1 9.05E-05 
2 2 7.59E-05 







In this section, the main findings relating to the effect of the deformation parameters, 
temperature and strain rate on microstructural evolution, as well as on the flow stress of Ti-6Al-
4V, are summarised.  
5.1 Influence of Deformation Temperature on the Uniaxial Compression of Ti-6Al-4V 
 
Figure 46. True stress-true strain curves (a)-(f) and corresponding microstructures of Ti-6Al-4V 
after three hits and test temperatures of either 850°C, 950°C or 1050°C, strain rates of 1/s or 
10/s. 
Figure 46 shows the true stress-true strain curves of Ti-6Al-4V samples, deformed using 
temperatures of 850 ° C, 950°C or 1050°C. It can be observed from Figure 46 that the flow 
stress required to deform Ti-6Al-4V is reduced with an increase in temperature regardless of the 
strain rate, an observation that holds true for all passes. This is due to an increase in the volume 
950°C, 1/s, 3 hits 
850°C, 1/s, 3 hits 
1050°C, 1/s, 3 hits 
850°C, 10/s, 3 hits 
950°C, 10/s, 3 hits 





fraction of the ductile β phase from 20% at 850°C to 100% at temperatures above the Tβ. A 
change of morphology from deformed α grains to bimodal to Widmanstätten after one hit is also 
a result of the presence of the β phase [Figure 42].  
With an increase in temperature, the flow stress behaviour throughout the three passes also 
changes. At 950°C, flow softening is seen after the first two passes, indicating that a SIT has 
taken place during deformation. Thereafter, at the third pass, following the second anneal, steady 
state flow stress is observed once a critical strain of 0.431 has been reached [Figure 46 (d), 
Table 28]. Table 28 also shows that the critical strain rate is predictably at its lowest at 1050°C.  
Here, steady state flow stress is observed from the initial pass, where the critical strain is 
0.00796, and is maintained throughout the three passes. Steady state flow stress at the highest 
deformation temperature is due to the enhanced climb and glide of dislocations, which in turn 
increases recrystallisation kinetics, with the result that the onset of recrystallisation is shifted to 
lower values
46
. Therefore, a higher deformation temperature experiences a greater extent of 
recrystallisation
56
. At the lower temperatures (850°C, 950°C), steady state flow stress only 
manifests at the third pass. 
Table 28. Critical strain values for the onset of recrystallisation at 850°C, 950°C, and 1050°C, 
1/s and 10/s. 
Temperature 
(°C) 














2 0.213 2 0.194 







2 0.19 2 0.19 







2 0.18 2 0.18 




5.2 Influence of Strain Rate on the Uniaxial Compression of Ti-6Al-4V 
In Figure 46 (a)–(f) it can be seen that, for a given temperature, an increase in strain rate results 
in higher flow stress values
24
. Table 28 shows that, with an increase in strain rate, the critical 
strain value required to initiate recrystallisation is also elevated. This behaviour is to be 
expected
57
, because at high strain rates the high dislocation density leads to a decrease in the 
work hardening rate
58




However, the morphology of the microstructure remains the same after one pass, despite the 
strain rate used. That is, the microstructure consists of α grains after one pass at 850°C, 1/s or 
10/s, is bimodal after one pass at 950°C, 1/s or 10/s, and Widmanstätten after one pass at 
1050°C, 1/s. At the higher temperatures, such as, for example, at 1050°C, 10/s continued 
straining of the alloy transforms the microstructure from Widmanstätten to bimodal. This shows 
that morphological changes in the microstructure of Ti-6Al-4V can only be effected through 
further deformation of the alloy and the extent of the transformation enhanced by strain rate. 
While the increase in strain rate does not alter the morphology of the microstructure after one 
pass, it does, nevertheless, lead to grain refinement at 950°C, 10/s [Figure 48]. Calculation of 
the α grain size, using the linear intercept method, yields a grain size of approximately 7.5ᶙm for 
the sample deformed at 1/s, and 6.8.ᶙm for the sample deformed at 10/s. Grain size refinement at 
this temperature is only detectable after one hit, since the grains become very deformed after 
subsequent passes at 950°C. At 1050°C, this is not possible because grain growth is very rapid, 
following dynamic recrystallisation. Furthermore, subsequent passes (one+two and 
one+two+three), using the higher strain rate, promoted the β to equiaxed α phase transformation 
at both 950 °C and 1050°C. This led to an increase in the volume fraction of α grains, as shown 
in Figure 49. A high strain rate brings about dislocation multiplication, thus increasing stored 
energy which acts as a driving force for phase transformation. The increase in dislocation density 






Figure 47. Uniaxial compression at 850°C, 1/s led to higher recrystallisation than at 850°C,10/s. 
 
Figure 48. Micrographs showing the grain size refinement that occurred when a strain rate of 




950°C, 1/s, 1 hit 950°C, 10/s, 1 hit 





Figure 49. Micrographs of Ti-6Al-4V after three hits at 950°C, 1/s or 10/s and 1050°C, 1/s or 
10/s. 
That recrystallisation is more extensive at 1/s also manifests within the flow curves themselves. 
In Figure 46 (a), (c) and (e), the flow stress curves all exhibit oscillatory behaviour and this is in 
line with observations by other researchers, where DRX has taken place during hot deformation 
of metals at low strain rates
6,44,46
. This oscillatory behaviour is indicative of cycles of 
recrystallisation starting and completing before being succeeded by other cycles, which then also 
initiate and reach completion. It is a mark of low strain rate, enabling diffusion of dislocations, 
and, as the strain rate is low, there is sufficient time for nucleation and growth of recrystallised 
grains. The oscillatory behaviour in the flow stress is no longer observed at all temperatures at 
the higher strain rate [Figure 46 (b), (d) and (f)] because the higher strain rate does not provide 
sufficient time for cycles of recrystallisation to occur and reach completion. The various cycles 
of DRX are instead averaged out and thus present in a smooth line. 
950°C, 1/s, 3 hits 950°C, 10/s, 3 hits 




Cessation of deformation while at high temperature encourages static recrystallisation, as well as 
grain growth, during the time the sample is held at temperature. As the interpass time is linked to 
a corresponding strain rate, the extent of grain growth obviously increases, the longer the sample 
is annealed. This is especially observed in the microstructures of samples deformed at 850°C, 






 The multipass deformation of Ti-6Al-4V using a three-pass schedule, similar to that 
employed during steckel mill rolling, is feasible, as no defects, such as voids or cracks, 
occurred. There was also no fracture of the samples during the uniaxial compression tests. 
Moreover, the parameters used in this experiment were well within the range of those that 
can be used in a steckel mill. 
 Microstructure evolution during this process was successfully assessed and subsequently 
characterised and it was seen that the deformations of temperature, strain rate and interpass 
time dramatically affect this evolution as follows: 
 For every 100°C increase in temperature, the morphology of the microstructure evolved 
from equiaxed to bimodal and was Widmanstätten at the final test temperature of 
1050°C.An increase in recrystallisation was also observed with an increase in temperature, 
with Ti-6Al-4V samples deformed at 1050°C being the most recrystallised. However, grain 
growth also occurred at this temperature. Finally, as the test temperature was increased, 
deformation of the alloy was made easier, as the increase brought about a decrease in the 
flow stress. 
 The incidence of a strain-induced phase transformation increased with an increase in strain 
rate at 950°C and 1050°C. At a strain rate of 1/s, where the interpass times were higher than 
those used at 10/s, growth of dynamically recystallised grains occurred, resulting in coarse, 
deformed microstructures. 
 ANOVA shows that temperature is the more influential parameter with regards to 
microstructural restoration. The Taguchi method identified the temperature of 1050°C and 
strain rate of 1/s as the optimum processing parameters, using a “higher the better” signal-
to-noise ratio. However, the choice of microstructure would be dependent on the 
application for which the material was to be used. For those requiring high creep strength, 
the microstructure acquired after uniaxial compression at 1050°C, 1/s would suit, whilst for 
applications requiring ductility, the microstructure obtained after three passes at 950°C, 






With regards to further work in this project, the following is recommended: 
 Post deformation heat treatment should be conducted to determine the influence of a post 
deformation heat treatment on the further microstructure evolution of the samples that have 
undergone multiple deformations.  
 The multipass deformation of Ti-6Al-4V at strain rates higher than 10/s and temperatures 
above 850°C should also be investigated as these will also lower the interpass times used. By 
lowering the interpass times, the process would be much faster and this would increase the 
appeal of using a steckel mill to produce Ti-6Al-4V sheet material. 
 Plane strain compression (PSC) of Ti-6Al-4V, using a multipass schedule may also be 
carried out in the Gleeble 3800, to investigate the texture effects this might have on the alloy 
used in this study. 
 To investigate the extent of recrystallisation, transmission electron microscopy (TEM) may 
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